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ScienceDirectEntamoeba histolytica is an enteric protozoan parasite that
causes hemorrhagic dysentery and extraintestinal abscesses
in millions of inhabitants of endemic areas. The genome of E.
histolytica has already been sequenced and used to predict the
metabolic potential of the organism. Since nearly 56% of the E.
histolytica genes remain unannotated, correlative ‘omics’
analyses of genomics, transcriptomics, proteomics, and
biochemical metabolic profiling are essential in uncovering
new, or poorly understood metabolic pathways. Metabolomics
aims at understanding biology by comprehensive metabolite
profiling. In this review, we discuss recent metabolomics
approaches to elucidate unidentified metabolic systems of this
pathogen and also discuss future applications of metabolomics
to understand the biology and pathogenesis of E. histolytica.
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Introduction
Amebiasis is a disease caused by a unicellular parasitic
protozoan E. histolytica. The World Health Organization
estimates that approximately 50 million people worldwide
suffer from invasive amebic infection, resulting in 40 to 100
thousand deaths annually [1]. Only metronidazole and
related compounds are commonly used against invasive
intestinal and extraintestinal amebiasis [2]. Although
clinical resistance against metronidazole has not yet been
demonstrated, a few limitations including low efficacy
against asymptomatic cyst carriers and sporadic cases of
treatment failure have been reported [2]. In addition, it has
been shown that this parasite adapts to subtherapeutic
levels of metronidazole in vitro [3]. Therefore, the de-
velopment of a novel prophylactics and chemotherapeuticsCurrent Opinion in Microbiology 2014, 20:118–124 to control amebic infections is required and to this end,
identification of novel essential pathways and enzymes
that are expressed only under specific physiological con-
ditions, is particularly needed.
The draft genome of E. histolytica was first published in
2005 [4]. New assembly and reannotation of the E. histo-
lytica genome was published in 2010 [5]. Recently, Ehren-
kaufer et al. reported the sequencing and assembly of the
genome of a reptilian E. invadens species, which produces
symptoms similar to E. histolytica in humans [6]. Based
upon genome data, E. histolytica metabolic pathways were
predicted and tentatively reconstructed [7]. However, it is
not easy to comprehensively understand a full metabolic
capacity of the parasite. This is mainly because (1) annota-
tion of genes and pathways are not always faithful and
novel proteins and pathways are occasionally ignored, (2)
genes in the genome are not always simultaneously
expressed, but often expressed in developmental stage-
dependent or condition (e.g. stresses and nutrients)-de-
pendent fashions, and (3) metabolisms are regulated at
transcriptional, post-transcriptional, post-translational, and
cellular levels (e.g. antisense small RNA, phosphorylation,
feedback, and compartmentalization). To examine a cell’s
complete metabolism, a new discipline, termed metabo-
lomics, which aims to catalog all the metabolites in a given
cell, tissue, organ, or organism at any given time, has been
developed [8].
Metabolomic analysis has been widely applied to study
the systems biology of numerous model organisms,
including archeae [9], eubacteria [10], fungi [11], plants
[12], animals [13], and human cell tissue cultures [14].
For protozoan parasites, metabolomics has been used to
study host–parasite interaction of trypanosomatid para-
sites (see review by Creek et al. [15]). Metabolomics
studies have been carried out in Leishmania (see [16] for
review), Trypanosoma (for review see [17]), and Plasmo-
dium (see review by Laksmanan et al. [18]). For instance,
metabolomic approaches have been used to identify
stage-specific and species-specific differences in the
metabolic networks of Leishmania [19]. Using 13C-
labeled carbon sources and gas chromatography–mass
spectrometry (GC–MS) approach, Saunders et al.
revealed that L. mexicana promastigotes are dependent
on succinate fermentation to balance the energy and
redox state of glycosomes, and intriguingly, to maintain
mitochondrial TCA cycle anaplerosis [19]. Recently
Cobbold et al. [20] applied a rapid stable-isotopic label-
ing technique in combination with high resolution masswww.sciencedirect.com
Metabolomics of Entamoeba Jeelani and Nozaki 119spectrometry to study blood-stage acetyl-CoA metab-
olism of the human malaria parasites P. falciparum. They
found that the pyruvate dehydrogenase-like enzyme,
likely the branched-chain keto acid dehydrogenase
complex, contributes glucose-derived acetyl-CoA to
the TCA cycle in a stage-independent process, whereas
anaplerotic carbon enters the TCA cycle via a stage-
dependent phosphoenolpyruvate carboxylase/phos-
phoenolpyruvate carboxykinase process. This study
highlights the parasite’s ability to restructure metab-
olism to meet its developmental requirements. For
metabolomics analysis of parasitic protozoa in general,
we recommend to read a very comprehensive review
published by Paget et al. [21].Figure 1
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www.sciencedirect.com In this review we will focus on our recent discoveries of
global changes in Entamoeba metabolism in response to
environmental stresses and during stage transition by
targeted metabolome analysis. Key findings of these
studies are summarized in Figure 1. Application of the
metabolomics-based approaches discussed in this review
marks the first step toward systems biology-based un-
derstanding of Entamoeba metabolism and biology.
Central energy and amino acid metabolism in
Entamoeba: background
E. histolytica trophozoites are microaerophilic, and shown
to consume oxygen and tolerate low levels of oxygen
pressure [22]. E. histolytica lacks the general form ofPolyamine pathway
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120 Host-microbe interactions: parasitesmitochondria as found in the aerobic eukaryotes, but
instead possesses a highly divergent mitochondrion-
related organelle, named mitosomes [23]. E. histolytica
mitosomes lack features of aerobic energy metabolism
including the tricarboxylic acid (TCA) cycle and oxi-
dative phosphorylation, and energy generation is primar-
ily dependent on substrate level phosphorylation in
glycolysis and fermentation, which occur in the cytosol
[24]. In E. histolytica, pyruvate is converted to acetyl-CoA
by pyruvate:ferredoxin oxidoreductase (PFOR), and
acetyl-CoA is either converted to acetate with a conco-
mitant ATP generation or reduced to ethanol with regen-
eration of NAD [25]. Glycolysis is the only pathway in E.
histolytica for which kinetic parameters of enzymes have
been comprehensively investigated [26–28]. Recently
Pineda et al. reported that under aerobic conditions the
bifunctional aldehyde–alcohol dehydrogenase exerts sig-
nificant flux control on ethanol and acetate production in
E. histolytica [29].
Earlier studies using 14C-labeled glucose showed that
more than 95% of labeled glucose was converted to
glycogen, carbon dioxide, ethanol, and acetate [30]. Only
a trace amount of label was found in protein, lipid, and
nucleic acid. Bakker-Grunwald et al. using 13C NMR
spectroscopy identified various abundant metabolites in
E. histolytica [31]. Besides glycolysis, the catabolism of
amino acids also contributes to the generation of ATP. It
was demonstrated that in the absence of glucose, E.
histolytica and E. invadens preferentially consume several
amino acids (asparagine, arginine, leucine, threonine, and
serine) [32]. Baumel-Alterzon et al. demonstrated using
DNA microarray that E. histolytica trophozoites that were
adapted to grow in the absence of glucose showed remark-
able changes in the gene expression of dihydropyrimidine
dehydrogenase, concomitant with increase in the viru-
lence [33]. Sulfur-containing amino acid metabolism is
also unique in this parasite. Despite the fact that amino
acid metabolism is largely reduced in the majority of
parasitic protozoa, unique sulfur-containing amino acid
metabolism are highly operational in E. histolytica such as
de novo L-cysteine/S-methylcysteine (SMC) biosynthesis
and methione/homocysteine/cysteine degradation by
methionine g-lyase (MGL) [34].
Application of metabolomic analysis to the
understanding of encystation (stage
conversion)
Stage conversion is often accompanied by most drastic
biochemical and morphological changes. The transition
from the motile proliferating disease-causing trophozoites
to the dormant cyst form, named encystation, is essential
for parasite survival in the environment and transmission.
Jeelani et al. recently investigated metabolic and tran-
scriptomic changes that occur during encystation in E.
invadens, which is a relative of E. histolytica from reptiles,
and, unlike E. histolytica, encysts in in vitro culture, usingCurrent Opinion in Microbiology 2014, 20:118–124 capillary electrophoresis/time-of-flight mass spectrometry
(CE-ToFMS) and DNA microarray analysis [35]. It was
demonstrated that as encystation progresses, the levels of
a majority of metabolites involved in glycolysis as well as
all nucleotides decreased markedly. Furthermore, inter-
mediates for chitin biosynthesis dramatically increased
(Figure 1). These findings agree very well with the notion
created by numerous previous works: energy generation
and storage ceases during and after encystation, and the
flux of glucose utilization shifts from glycolysis and fer-
mentation to chitin wall biosynthesis.
Surprisingly, intermediates of polyamine metabolism
showed remarkable changes during encystation. These
intermediates include putrescine, spermidine, spermine,
and N8-acetylspermidine, all of which were present in
trophozoites. Furthermore, the levels of these metab-
olites dramatically decreased and they were almost
deprived as encystation proceeded. Although there is a
possibility that polyamines are incorporated from the
culture medium, these findings led us to presume that
Entamoeba is capable of metabolizing these polyamines
during encystation, and the polyamine biosynthetic or
scavenging pathways exist in this organism. The fate of
polyamines is not well understood, but some polyamines
appear to be secreted by trophozoites (unpublished). The
presence of polyamine metabolism was totally unex-
pected because several genes encoding key enzymes such
as S-adenosylmethionine decarboxylase, spermidine
synthase, and spermine synthase, known to be involved
in polyamine biosynthesis in other organisms, have not
been detected in the Entamoeba genome [4].
Second unexpected discovery was the production of g-
aminobutyric acid (GABA). In other organisms like bac-
teria, fungi, mammals, and plants GABA is made from L-
glutamate in a single reaction catalyzed by glutamate
decarboxylase [36], which is missing in the Entamoeba
genome [4]. Thus, amino acid decarboxylases encoded in
the genome may play the equivalent role. Further inves-
tigations of the time kinetics of the changes in various
metabolites indicate that GABA is synthesized by
removal of the acetyl moiety from N-acetylputrescine
(Figure 1). GABA is a major inhibitory neurotransmitter
in the mammalian central nervous system. Role of GABA
during encystation is not clear. However, in Dictyostelium
discoideum, a soil-living ameba, GABA has been shown to
induce terminal differentiation (sporulation) through
GABAB receptor [37]. Further investigations such as
fluxomics using isotopic labeling should unveil the exact
pathway and enzymes involved in the formation of
GABA.
Another important and totally unexpected finding
revealed by metabolomics was the production of biogenic
amines, namely cadaverine, isoamylamine, and isobuty-
lamine, during encystation. Interestingly, the increase ofwww.sciencedirect.com
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amines were increased only in the early phase of encysta-
tion (before apparent morphological and biochemical
changes), when the trophozoites formed large multi-
cellular aggregates (precyst), suggesting their role as
signaling molecules. Enzymes involved in the decarbox-
ylation of corresponding amino acids have not been
identified, while a gene encoding putative arginine/
lysine/ornithine decarboxylase is present. Future work
is needed to delineate whole genetic and metabolic net-
works that regulate synthesis and degradation of these
metabolites and their precise role in encystation.
Application of metabolomic analysis to the
understanding of oxidative stresses
Experimental conditions such as various nutrient sources
and stresses have been commonly used in well-charac-
terized microorganisms like E. coli [38]. Similarly, E.
histolytica trophozoites were also tested for such environ-
mental conditions to understand the response [39]. E.
histolytica trophozoites are exposed to various reactive
oxygen or nitrogen species (ROS and RNS) during tissue
invasion, colonization in the intestine, and extra intestinal
propagation [39]. E. histolytica lacks most of the com-
ponents involved in the usual antioxidant defense mech-
anisms in aerobic organisms, such as catalase, glutathione,
and the glutathione-recycling enzymes. E. histolytica also
lacks glucose 6-phosphate dehydrogenase (G6PD), and
thus functional pentose phosphate pathway is absent to
yield NADPH [4]. However, the genome of E. histolytica
encodes several proteins for detoxification of reactive
oxygen and nitrogen species (ROS, RNS), such as per-
oxiredoxin, superoxide dismutase, rubrerythrin, hybrid-
cluster protein, and flavo-di-iron proteins [40,41]. In
addition, E. histolytica also possesses pyridine nucleotide
transhydrogenase, and NADH kinase for NADPH syn-
thesis from NAD(H) [42,43]. NAPDH is in turn utilized
in the detoxification of ROS and RNS. Recently Pearson
et al. utilized DNA affinity chromatography and mass
spectrometry to identify a new E. histolytica transcription
factor that plays a role in coordinately regulating gene
expression in response to hydrogen peroxide exposure
[44].
Response to H2O2-mediated and paraquat-
mediated oxidative stress
Husain et al. [45] investigated global metabolic
responses in response to H2O2-mediated and paraquat-
mediated oxidative stress in E. histolytica trophozoites. In
this study, they showed that oxidative stress caused
changes in the metabolites involved in glycolysis and
its associated pathways, as evidenced by the accumu-
lation of glycolytic intermediates upstream of pyruvate,
and reduced ethanol production. They have further
shown that oxidative stress inactivated several key
enzymes of glycolysis and its associated pathways such as
PFOR, phosphoglycerate mutase, and NAD+-dependentwww.sciencedirect.com alcohol dehydrogenase, and resulted in the inhibition of
glycolysis and the redirection of metabolic flux toward
glycerol production, chitin biosynthesis, and the non-
oxidative branch of the pentose phosphate pathway. As
a result of the repression of glycolysis and fermentation,
the levels of nucleoside triphosphates were decreased
upon H2O2 stress, whereas the levels of nucleoside
monophosphates increased, in a manner opposite to the
decrement in their corresponding triphosphate counter-
parts. Both paraquat and H2O2-mediated oxidative stress
led to a decrement in L-cysteine and L-cystine, and a
slight increment in cysteine S-sulfinate, in a time-de-
pendent manner. These findings suggest that L-cysteine
is involved in scavenging of ROS in E. histolytica.
Metabolomic analysis in this study further demonstrated
the presence of functional glycerol biosynthetic pathway
(Figure 1) and functional glycerol 3-phosphate (Gly 3-P)
dehydrogenase (G3PDH) in this parasite. Gly 3-P was
one of the most highly affected metabolites upon oxi-
dative stress. It was speculated that dihydroxyacetone
phosphate, but not Gly 3-P, is mainly used for triglyceride
synthesis, because Gly 3-P yields ATP by glycerate
kinase. This could be the primary reason of the redirec-
tion of the glycolytic pathway upon oxidative stress.
However, the physiological significance of the increased
production of Gly 3-P and glycerol upon oxidative stress
need to be demonstrated.
L-cysteine deprivation
L-cysteine is the major low molecular weight thiol in E.
histolytica trophozoites and has been implicated in the
survival, growth, attachment, elongation, motility, gene
regulation, and antioxidative stress defense of this organ-
ism [46–49]. In vitro growth of amebic trophozoites
requires high concentrations of L-cysteine, which can
be replaced by D-cysteine, L-cystine, or L-ascorbic acid,
indicating that the extracellular cysteine/cystine or thiols
have an indispensable role in parasite growth [50].
Under L-cysteine deprivation, two metabolites that had
never been demonstrated in E. histolytica, S-methyl
cysteine (SMC) and O-acetylserine (OAS), were shown
to be accumulated [51]. SMC is a sulfur-containing amino
acid that was never detected in protozoa, but is widely
present in relatively large amounts in several legumes,
where it is considered to serve as sulfur storage [52]. OAS
was presumed to be present in E. histolytica as it is a
substrate for the de novo synthesis of L-cysteine/SMC
(Figure 1). However, it was never demonstrated because
its steady state concentrations are kept very low due to
the product inhibition of serine acetyltransferase by L-
cysteine, or OAS has a short half-life, due to immediate
conversion to N-acetylserine. This study unequivocally
demonstrated that the pathway previously considered to
serve to produce L-cysteine de novo, is mainly involved inCurrent Opinion in Microbiology 2014, 20:118–124
122 Host-microbe interactions: parasitesthe production of SMC, the fate and physiological sig-
nificance of which are not yet fully understood.
L-cysteine depletion also resulted in reduced levels of S-
adenosylmethionine (SAM). SAM is, in general, a pre-
cursor for polyamine biosynthesis and the essential
methyl donor for numerous transmethylation reactions,
including DNA methylation [53]. L-cysteine also
regulates the Kennedy pathway (Figure 1), the major
pathway for phospholipid biosynthesis. L-cysteine depri-
vation resulted in the accumulation of an unusual phos-
pholipid, phosphatidylisopropanolamine, and also
affected the composition and ratio of the major phospho-
lipids [51]. Under L-cysteine-depleted conditions, the
synthesis of isopropanolamine, isopropanolamine phos-
phate, ethanolamine phosphate, and choline phosphate
was elevated, while phosphatidylethanolamine synthesis
was inhibited. These findings indicate dramatic modu-
lations in phospholipid metabolism under L-cysteine
deprivation. Further investigation is needed to under-
stand the physiological role of phosphatidylisopropano-
lamine, its derivatives, and related pathways, which are
potentially a new attractive drug target for the develop-
ment of new chemotherapeutics against amebiasis.
Conclusion and perspective
Elaborate investigation at the metabolic level is particu-
larly important to understand role of metabolism in para-
sitism and pathogenesis, and also to develop new
chemotherapies against pathogens, in which metabolic
processes dissimilar to those from humans are reasonable
drug targets. Furthermore, as profound metabolic disturb-
ances often underlie the microbicidal effects of drugs, the
mode of drug action can be easily and rationally probed by
metabolomics approaches. Metabolomics also allows elu-
cidation of the mechanisms of drug resistance of parasites.
Discoveries of new metabolic biomarkers in infected
humans may also yield reliable diagnostic measures (diag-
nostics), predictors of treatment outcome (e.g. drug resist-
ance), and related clinical polymorphisms (e.g. severity of
disease, tissue tropisms). An understanding of metabolic
networks of parasites will be further improved by com-
bining metabolomic analysis with other profiling technol-
ogies, especially proteomics, and integrative techniques
like metabolic control analysis [54].
Future applications of metabolomics toward an under-
standing of Entamoeba metabolism also include metabolic
profiling of the organelles. Metabolomic analysis of mito-
somes is of particular interest because of their unique
unprecedented compartmentalization of sulfate acti-
vation. Metabolomics should in general unveil metabolic
roles of the highly divergent mitochondrion-related orga-
nelles in anaerobic eukaryotes (see review by Makiuchi
et al.) [55]. In summary, metabolomics-based
approaches are practically the best solution toward rec-Current Opinion in Microbiology 2014, 20:118–124 lamation of new areas of Entamoeba metabolism and
biochemistry.
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